INTRODUCTION
This report on the occurrence of gold in minerals and on the fineness of native gold was prepared as background material for the Heavy Metals program of the U.S. Geological Survey, an intensified program of research on new sources of heavy metals, including gold.
GENERAL GEOCHEMICAL CONSIDERATIONS
Gold belongs to group Ib of the periodi.c table, as do silver and copper. Its atomic number is 79, and atomic weight is 197.0; it consists of a single isotope. Its metallic radius is 1.44A., univalent ionic radius 1.37A., and trivalent ionic radius 0.85A.
Gold is strongly siderophilic and somewhat chalcophilic; that is, it tends to be co,ncentrated in the metallic phase of meteorites, with 1 much lower concentrations in the sulfiie phase, and occurs in much lesser amount~ in the silicate phase. Gold occurs in natur~ mainly as the metal and as various alloys, especially with silver, and as intermetallic co:'llpounds. Laboratory studies show that gold can form complete series of solid solutions with silver, copper, nickel, platinum, and palla:dium. Gold is commonly present in association with platinum metals; most microscopic stuc"ies have shown that free gold is present in platinum, but a recent electron-probe analysis of ferroplatinum shows uniform distributioi' of gold ( Ottemann and Augustithis, 1967) . This distribution indicates that gold and platinum aTe present in solid solution.
Several gold tellurides are known (table 1) , but no gold selenides have been repC'...-ted, and the only minera~ in which gold is certainly combined with sulfur is the telluride-sulfide, nagyagite. Gold commonly occurs in sulfide minerals, but largely, if not entirely, as the free metal; it is uncertain whether any gold occurs in these minerals in true isomorphous substitution.
It is even less likely that gold is present in ionic substitution in silicate miner·als. Mantei and Brownlow (1967) state, "Tl'e concentration of gold in the various minerals is probably due to an inclusion or entrappinr--phenomena rather than to ionic substitutior. Because of its oxidation potenti.al, it would 1~<~ difficult for gold to become oxidized and thus be able to take part tn ionic substitution. Krauskopf (1951) states that simple ionic goli can not exist in geological environments, alth('mgh complex ions containing gold may form. Ringwood (1955) points out that Au+, because of its large electronegativity, would form a very weak covalent bond, and one which would prefer not to form. Thus the gold of a crystallizing magma tends to concentrate in the residual fluids. The factors which would control the amount of gold entrapped in a given mineral would be the concentration of gold in the magma at the time of crystallization and the type of crystal structure formed by the mineral." Helgeson and Garrels (1968) , on the basis of thermodynamic calculations, think that all but marginal or low-grade hydrothermal native gold deposits form above 175°C and, at elevated temperatures, most hydrothermal solutions are probably distinctly acid. They believe that gold is present primarily in the form of aurous chloride complexes in contrast to the low-temperature considerations of Krauskopf (1951) and Cloke and Kelly (1964) who suggest that the aqueous species AuC17 is the principal form of dissolved gold in hydrothermal solutions. Goni, Guiiiemin, and Sarcia (1967) have investigated the stability of colloidal suspensions of gold and the formation of nuggets. Stable colloidal suspensions of ionic and even metaiiic gold can form which can be flocculated to form nuggets. Textures common in gold deposits can be reproduced in gold films formed by the diffusion of gold solutions through silica gel.
Gold occurs in notable amounts in hydrothermal veins and in placer deposits, and to a much lesser extent in pegmatites and contact metamorphic deposits. Commo.n minerals _associated with gold in veins are quartz and pyrite. Some other common minerals associated with gold (Lincoln, 1911; Schwartz, 1944) are pyrrhotite, arsenopyrite, chalcopyrite, sphalerite, galena, molybdenite, tellurides, selenides, magnetite, scheelite, feldspar, sericite, biotite, chlorite, amphiboles, garnet, tourmaline, carbonates, and fluorite. GOLD 
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Both Anoshin and Potap'yev (1966) and Shcherbakov and Perezhogin (1964) show that the gold in the quartz exceeds that in the feldspars by a factor of 2. 7. Shcherbakov and Perezhogin noted from the analyses of monomineralic fractions of igneous rocks that the average gold content decreases from magnetite and ferromagnesian silicates to feldspars. They reported (table 3) the gold content of the major rock-forming minerals as follows: quartz, 11 ppb (parts per billion); feldspa~r, 4 ppb; biotite, 4 ppb; muscovite, 3.8 ppb; amphibole, 5.9 ppb; pyroxene, 16 ppb; olivine, 14 ppb; and magnetite, 48 ppb. Mantei and Brownlow (1967) have made many neutron activation analyses of minerals from the Marysville quartz diorite stock (table  3) . The diorite has an appreciably higher gold content than the average diorite, and most of its component minerals have unusually high gold contents. The reported gold contents increase from quartz and feldspar ( 65 ppb) to biotite (76 ppb) and reach a maximum in hornblende (100 ppb). The gold content of magnetite was found to be only 37 in magnetite than in the silicat~ minerals. Mantei and Brownlow accounted fc¥ the lower gold content of magnetite, comparee-with other minerals they analyzed, by pointing out that the structure of magnetite is relatively closed compared to the structures of biotite and hornblende and that "magnetite may bave formed before the silicates, at a time wh~n the concentration of gold in the magma was fairly low." Badalov (1965) examined tl'~ average amounts of gold, silver, selenium, and tellurium in the disseminated copper-molybdonum deposits of the Almalyk district in t\e U.S.S.R. The sequence of the formation of the predominate minem:ls in the ores was from earliest to llatest: magnetite, molybdenite, pyrite, chalcopyrite, sphalerite, and galena. Pyrite is by far the most abundant mineral and carries 3 ppm gold. Chalcopyrite is the :o;econd most abundant mineral and was the chief "coneentrator" of gold; it contains 22 rpm. Native gold is common, and gold tellurid ~s are rare.
N oddack and N oddack ( 1931) looked for but did not detect gold in the for owing minerals: allanite, alvite (variety of zircon), andalusite, 1aragonite, beryl, brewster~te, bronzite, 
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cristobalite, daubreelite (from meteorites), diopside, epidote, euclase, garnet, gersdorffite, harmotome, hauerite, heulandite, hornblende, kaolin, lepidolite, leucite, malachite, malacon, molybandocker [ilsemannite] , molybdosodalite, muscovite, nepheline, olivine, orpiment, orthoclase, pyroxene, rhodochrosite, rutile, serpentine, stibnite, tantalite, thalenite, and thortveitite. The lower limit of detection of the analytical method they used seems to be about 10 ppb. Other specimens of some of these minerals analyzed by neutron activation methods also show less than 10 ppb Au (table   3) .
Platinum exceeds gold in meteorites, as well as in metasilicate minerals and orthosilicate minerals.
COMPOSITION AND THE FINENESS OF GOLD
Samples of native gold from 48 places throughout the world have been analyzed for selected elements (Gay, 1963) . The frequency of occurrence of 30 elements detected (in order of frequency) is as follows: It is probable that not all the elements in the foregoing list were looked for by most analysts. Warren and Thompson (1944) studied the composition of 66 samples of native Jr">ld, about 75 percent of which originated ir Canada. All samples contained silver, copper~ and iron. The number of occurrences of the varous other elements in the gold were: titanium. 52~ mercury, 42: manganese, 40~ lead, 37; vanadium, 28: tin, 22: antimony, 21; bismuth, 19r arsenic, 17~ zinc, 1&, cadmium, 14, tellurium. 8: platinum, 3t and palladium, 2. Silver w".c; usually present in amounts exceeding 0.5 p~rcent and copper was usually present in amounts from 0.1 percent to 0.5 percent. The remaining elements, when present in the gold, were usually in amo'Jnts of less than 1 percent. Wise (1964) , in a study of binary alloys of gold, gives the various maximum high-temperature solid solubilities of elements in gold as follows: 100 percent ____________________ Ag, Cu, Ni, Pd, Pt 46 percent _--------------------Fe 21.5---19 percent _______________ Cd, Cr, Hg 13 percent ---------------------Zn 10.9-7.7 percent _______________ Mn, Ta, Co, In 5.2-1.2 percent ________________ V, Ga, Sn, Mg, AI, Ti, Ge <1 percent --------------------As. Bi, Ca, Mo, Pb, Pr, Rh, Sb, Th, Tl, U, and perhaps others.
The fineness of gold, and especially its relation to the genesis of gold denosits. has been studied by numerous workers (Gay, 1963; Sundell, 1936; Mertie, 1940) . Fineness refers to the ratio of gold to the sum of the gold plus the silver in the naturally occurring alloys and is defined as 1,000 times Au/(Au+Ag).
Me:rtie (1940) noted that pure gold has not been found in nature, but that gold is always alloyed with silver and a small amount of the base metals such as iro.n and copper. The purest gold reported by Mertie was from the Great Boulder mine, in the Kalgoorlie district of Western Australia; it was 999.1 fine. Mertie concluded that fineness is rarely less than 600 and is generally never less than 400, although Lincoln (1911) reported a fineness of 246 for · silver-gold alloys in some mafic igneous rocks.
The color of gold in polished section is an index of its fineness, according to Eales (1961) . Nearly pure gold has a golden color with a ruby tint. With increasing amounts of silver, the color changes to yellow and eventually becomes ~ pale silvery yellow color as in electrum. Others have noted color differences in gold due to variations in fineness (Mather, 1937; Russell, 1929; Edwards, 1958) . Boyle (1960) , Ward (1958) , and Lincoln (1911) have commented on the fineness of gold in different country rocks. Boyle thought that the fineness of gold in lode deposits reflected the nature of the country rock and 14 that this seemed to indicate that the deposits were formed by diffusion of gold and silver through the cou.ntry rock. For instance, in the Yellowknife district of Cans da, gold -in deposits in greenstone has a gold~silver ratio of 5:1 ( = fineness 833), whernas gold in quartz lenses in sedimentary rocks has a ratio of 3.5:1 ( = fineness 778). Ward observed that gold in some ore bodies in '\\~estern Australia that are genetically relatr1 to albite porphyry intrusives has a gold to silver ratio greater than 9:1 ( = fineness 9(1). Lincoln noted that the fineness of gold i~ higher in silicic igneous rocks than in maf~ varieties; gold in silicic igneous rocks aver? ~es 979 in fineness, that in intermediate typ~s 451, and that in mafic types 245.
Native gold at the surface and in the oxidized zone of a mineral deposit is usuall: .. finer than is the native gold in the unoxidizei ore (Don, 1898; Fisher, 1945; Colin, 1946; MacGregor, 1928; Mackay, 1944; Mills, 1954. and Gay, 1963) . Below the oxidized zone, hc~~ever, gold fineness seems to be largely ind~pendent of depth (Gay, 1963) . A small decr~ase in the fineness of gold with depth in the. Lily mine, Republic of South Africa, is reported by Anhaeusser (1966) and shown in 1able 4. On the other hand, average gold fine~ess in the Zwartkopje shoot in the Sheba mine, Republic of South Africa, increases with depth from the 14 level (about 910 fine) to 1he 26 level (about 950 fine) within a vertical distance of about 550 feet (Gay, 1964) . Gold fineness was noted by Gay (1963) to vary from east to west in some Witwatersrand deposits as follows: 865.8, 884.0, 870.6, 926.0, 912.0, 924.0, and 970.0. Sharwood (1911) reports some lateral variation in fineness of bullion from mines in the Lead district, South Dakota; as shown in table 5, the range in fineness is small. Lateral variation in fineness is shown by analyses of the bullion from nine representative mines in Gilpin County, Colo. (Collins, 1902) . During the period 1870 to 1880, the fineness ranged from mine to mine from 753 to 897, and during the period 1880 to 1890, from 716 to 894. The average fineness of all the bullion from these mines changed little during the two periods; it was 799 for the first and 789 for the second. Eales (1961) studied the silver content of gold from four hydrothermal deposits in Southern Rhodesia. Gold that mineragraphic studies show to have crystallized early, and that is enclosed in chalcopyrite and sphalerite, contains more silver than does gold that crystallized later.
The fineness of gold varies directly with particle size in some deposits and inversely with particle size in others (Gay, 1963) .
For ore deposits in general, the fineness of the contained gold increases as the grade of ore increases; (Eales, 1961; Lawn, 1924; Mac--Gregor, 1928; and Mackay, 1944) . Fisher ( 1950) concluded that fineness used with other criteria furnishes a sensitive and reliable guide to the relative temperature of ore formation, at least within the epithermal and the upper part of the mesothermal range of temperatures. The fineness of epithermal gold is from 500 to 700. Near the bottom of the epithermal zone (corresponding to the leptothermal zone of Graton, 1933) , the fineness is about 700 and may be as much as 800. The fineness of mesothermal gold varies from 750 to 900, with 850-870 being common. The fineness of hypothermal gold is always greater than 800. Fineness of 900 or more results from oxidation under conditions favoring the removal of silver. Gay (1963) observed that commonly the fineness of placer gold increases downstream from its so·Jrce. This increase is explained by leaching of the silver and redeposition of 15 the gold. Shcherbina (1956) explains that the high ratio of silver to gold, 37J\ (Mason, 1952) in sea waters, compared to only about 10 (Vinogradov, 1956) for the lith9sphere as a whole, is an indication of the gre~.ter mobility of silver. Mertie (1940) says that in sotro. Alaskan paystreaks the fineness of gold incre.q,ses downstream from its source, but in others the fineness changes either erratically or not at all. He cites an Alaskan placer gold d~posit that was derived from lodes in Tertiary quartz monzonite. The source lodes were being actively mined around 1940, and informat~0n on the fineness of both lode and placer gold indicates that the fineness does not increase progressively downstream.
Fineness varies not only from gr8.in to grain but also w.jthin graillls (Gay. 1963) . Some grains are finer in the center than on the surface (Head, 1935) , although Er.les (1961) has noted the reverse. Gold extrac~ed by McConnell (1907) from the outer surface of a nugget assayed 60-70 parts per tho~lsand finer than gold from the inside of the rugget, and his findings have been cited as evidence that surface waters dissolve an appreciable amount of silver from alluvial gold. However, the difference could have been due to the original character of the primary lode gold or to surficial enrichment of the gold in the zone of oxidation before it was freed (Mertie, 1940) . Very fine grained placer gold is u~ually finer than the coarse gold (Hite, 193~; Sundell, 1936; Fisher, 1945; and Colin, 1~46) . However, Mertie (1940) reports that in any one paystreak, and at any o.ne place in the paystreak, the reverse is usually true.
